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Abstract 
Transmission network is spread over a vast area subjected to harsh environment and monitored from remote control centers. To 
ensure uninterrupted transfer of electrical power, continuous monitoring and controlling of the transmission lines is essential. The 
use of RTUs at strategic locations in the transmission system for monitoring system parameters limits the complete observability 
of the system providing partial information about the system. This paper discusses an algorithm to detect line outages in the 
transmission system using the bus voltage phasor measurement available from PMUs in conjunction with change in the system 
topology arising due to line outage. The algorithm also suggests the minimum number of PMUs required for effective line outage 
detection for a given system. The system under consideration was simulated in MiPowerTM software to obtain the bus voltage 
angle and the algorithm to detect effective line outage was programmed using MATLAB. Initially, PMUs were assumed to be 
placed at all buses in the system to detect line outage and the efficacy of the algorithm was checked and proved. The number of 
PMUs in the system was then reduced by removing them from the buses with least priority, based on their generation capacity 
and amount of real power consumed by connected load, to arrive at the minimum number of PMUs. The technique was 
successfully implemented on IEEE14-bus and IEEE 30-bus system. The minimum number of PMUs required for effective line 
outage detection was determined successfully in both the systems. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Amrita School of Engineering, Amrita Vishwa Vidyapeetham University. 
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1. Introduction 
The introduction of Phasor Measurement Units (PMUs) in power system has significantly improved the methods to  
monitor and analyze power system dynamics. PMU is used to obtain magnitude and phasor values of voltage, 
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current, power and their angles accurately that help us to estimate the system conditions. PMU provides real time 
synchronized phasor measurements which makes it possible to directly measure phase angle between two phasors at 
different location within the power system. PMUs are suitable for online monitoring of angles thereby helping the 
operator during system restoration [1]. PMU based phasor voltage magnitude and angle can be used directly to 
detect the line outage by employing the proposed algorithm discussed in this paper. 
2. Importance of PMU in line outage detection 
In high voltage transmission networks, lack of wide-area monitoring systems has been one of the major causes of 
large-scale blackouts [2]. The power system operators may not have enough real-time information about their 
systems particularly when large disturbances occur. It is critically important for operators to have a wide area using 
real-time synchrophasor measurements to improve their situation awareness [3]. Phasor measurement units (PMUs) 
are introduced as a way to monitor power system networks. As compared to conventional sensors, PMUs are able to 
provide GPS-synchronized, more accurate and much denser measurements of voltage and current phasors [4]. The 
detection of line outage is important as its study provides overall effect on the system due to that line outage. The 
power flow of the system is affected by the line outage and may cause overloading of certain lines in that system in 
order to supply the loads connected in the system [5]. We know that, the line outage causes change in power angles 
at all buses in the system necessitating design of a protective action in order to prevent over loading of lines and to 
avoid cascaded tripping of several lines resulting in a system collapse [2]. Therefore, in recent years, PMU has 
gained a great importance due to its capability of providing geographically dispersed accurate synchronized 
measurements over the entire power grid [6]. PMUs report phasor measurements with high frequency, and changes 
in voltage due to topology changes of the power grid tend to be larger than the variation of voltage phasor during 
normal operation, for example, demand fluctuation. The key feature that makes line outage identification possible 
using PMU is the different voltage phasor measurements reported by PMUs for different line-outage scenarios [7]. 
There has been considerable research investigating how PMU measurements can be exploited in various tasks for 
achieving a reliable grid, including outage detection [8,9], state estimation [10,11,12], stability analysis, etc. As the 
cost of installing and networking PMUs is relatively high, the major question of sufficient number of PMUs and its 
optimal location need to be considered depending upon the objectives for which PMU measurements are used [13]. 
Therefore in this paper, a problem is formulated to determine the minimal number of PMU locations that gives the 
best information about system state useful for situational awareness like line outage. 
3. Problem definition 
The problem addressed in this paper is the detection of single line outage using only the data provided by the 
PMU and system topology information. Since, PMU data is more widely available in near real-time than other 
power system measurement data, it can provide unique insights into the operation of the grid [8]. The problem is 
formulated on the basis that ‘n’ bus system is connected by single lines and only a single transmission line outage 
occurs. It is based upon the voltage phasor angles measured by the PMUs for the buses. Initially, PMU is assumed to 
be placed at all the buses in the system. Subsequently, the number of PMUs available is reduced and the algorithm is 
checked for effective line outage detection. These angles are obtained by simulating the ‘n’ bus system and carrying 
out load flow studies on it. Later, the algorithm to detect line outage is implemented on the IEEE power systems 
using MATLAB. The systems are simulated and analyzed using MiPowerTM software package. 
 
The simulations carried out on a 5-Bus system using MiPowerTM software package and the observations made 
are mentioned below. 
3.1. Simulation of 5-bus system 
A 5-bus system as shown in the Fig. 1 was simulated in MiPowerTM software to perform load flow analysis. The 
buses are maintained at 220kV. As seen in Fig. 1, the system consists of two generators, four loads and seven 
transmission lines. All the buses are connected by single lines as per the problem defined in this paper. 
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Fig. 1. 5-Bus System. 
Table 1.Bus voltage angle with all lines intact 
Bus 
No. 
Voltage Magnitude 
(pu) 
Voltage Angle 
(degree) 
1 1.0600 0.00 
2 1.0332 -2.39 
3 1.0564 -4.84 
4 1.0577 -5.13 
5 1.0572 -5.89 
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Table 2.Bus voltage angle with one line out of service 
Bus 
No. 
Voltage Magnitude 
(pu) 
Voltage Angle 
(degree) 
1 1.0600  0.00  
2 1.0631  -2.61 
3 1.0495  -5.78  
4 1.0495  -6.38  
5 1.0528  -6.18  
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The bus voltages and the admittance matrix, Ybus obtained from simulation studies when all lines are in service 
are shown in Table 1 and Eqn. (1), respectively. Line 2-4 is taken out of service (i.e. line outage) and load flow 
analysis was performed on it. The corresponding bus voltages and the admittance matrix obtained from simulation 
studies when one line (line 2-4) is taken out of service (under outage) are shown in Table 2 and Eqn.  (2), 
respectively. 
As highlighted in Table 1 and Table 2, it can be seen that the voltage angles at the buses in the network 
considered increases with a line outage in the system. Similarly, there is also a change in the bus admittance matrix 
of the network as highlighted in (1) and (2). Following are the observations: 
 
x Type of event occurred: line 2-4 out of service. 
x The voltage phase angle at every bus, except the slack bus, increases when a line outage occurs. 
x The admittance matrix changes due to change in system topology. 
4. Line outage detection scheme 
As discussed earlier, synchrophasor measurements can be used for improvement of situational awareness like the 
detection of line outage addressed in this paper. An algorithm which primarily uses the system topology and the 
measurements derived out of the limited coverage of PMUs is used for detecting line outage in the system [8]. 
However, the algorithm, as explained, requires line flow measurements on every line in addition to phasor angle 
measurements. The algorithm thus requires pre and post-outage power flow, adding to the data required for 
detection of line outage. The drawback here is the complexity in the algorithm which is overcome to an extent in the 
scheme discussed further. 
From the simulation studies, we see that a line outage is accompanied with change in bus voltage angle as well 
as change in impedance/admittance matrix (since transmission line is characterized by its line impedance and 
admittance matrix inverse of impedance matrix). Thus, we infer that both these phenomena of change in bus voltage 
angle and impedance matrix can be used together in a scheme to detect the line outage; addressing the problem 
defined in the paper. The scheme so developed consists of three parts – offline analysis, online analysis and 
optimization. The offline analysis includes calculation of change in impedance matrix due each possible single line 
outages in the system and storing its normalized base vector, based on PMU location, in a database. The online 
analysis is the real-time operation of the system where in the change in bus voltage angle is calculated and 
normalized; upon the occurrence of line outage. This normalized vector is then matched with the database i.e. the 
normalized base vector from the offline analysis to detect which particular is under outage.    
4.1. Algorithm 
i. Admittance matrix of the given network is obtained. 
ii. Eliminate the row and the column associated with slack bus since the angle change at slack bus is always 0°. 
iii. Impedance matrix is determined. 
iv. Consider a line under outage in the network, change in impedance matrix, ΔZL is calculated. 
v. Location of all the PMUs available in the system is determined i.e. the buses at which PMU is available is 
noted. 
vi. The rows corresponding to buses where PMU is unavailable is eliminated. 
vii. The rank of the change in impedance matrix obtained in step iv. is reduced to 1 by performing reduced row 
echelon form 
viii. The matrix is then normalised. 
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ix. Steps iv, v, vi, vii, vii and viii are repeated for all the lines in the network, to obtain normalised vector basis 
for each line outage. 
Step i to ix constitute the offline analysis of the methodology. 
x. Change in voltage phase angle is calculated at buses where PMU is located (PMU location is determined in 
step v) when a line outage occurs. 
xi. The column matrix obtained in step xi is normalised. 
xii. The normalised column matrix of change in voltage phase angle is compared with each normalised basis 
vector of transmission line outages. The one which matches closely is said to be the line under outage. (only 
the magnitude is considered, integer signs are neglected) 
xiii. Step x to xii constitutes the online analysis of the methodology 
4.2. Normalization 
The length of a vector is reduced to unit length by performing normalization on it. Consider a vector, 
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The optimization part of the scheme deals with identifying minimum number of PMUs required for effective line 
outage detection. This is done by repeating the offline and online part with reduced number of PMUs in the system. 
The number of PMUs, for which line outage in the system is detected effectively, is the minimum number of PMUs 
required in the given system for effective line outage detection. 
5. Case studies 
The algorithm to detect line outage in the given transmission system is implemented on IEEE 14-Bus and IEEE 
30-Bus systems simulated in MiPowerTM software. The bus admittance matrix and bus voltage angle was obtained 
from the simulation studies. The post-outage bus voltage angle was obtained by performing contingency analysis on 
the given system. The data so obtained from MiPowerTM simulation was then used to detect the line outage with the 
help of MATLAB code.  
5.1. IEEE 14-Bus System 
In IEEE 14 bus system, PMUs are kept at all the buses except at Bus 1, i.e. slack bus and Bus 7, which acts as 
dummy node (interconnection point of 3-winding transformer). The contingency analysis of transmission line 1-2, 6-
11, 10-11 and 13-14 did not result in converged load flow, hence, these lines were not taken into account for line 
outage detection. Line outage of  1-5 in IEEE 14-Bus System is done in simulation and the proposed algorithm is 
checked for line outage detection. It shows the effective line outage detection when PMU is placed at all the buses in 
the IEEE 14-Bus system. Similar results are obtained for effective detection of all possible single line outages in the 
system. It can be seen that except for the four transmission lines (Line 2, 8, 13 and 15), whose contingency analysis 
resulted in non-converged load flow, for all the other transmission lines, the detection of their outage is done 
effectively. Hence, we see that effective detection of line outage is being done by close matching of normalized 
values of two different vectors (i.e. change in bus voltage angle and change in impedance matrix). 
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For optimization of number of PMUs required in the system for effective line outage detection, the number of 
PMUs is reduced by one and the technique is checked for effective line outage detection. A practical approach is 
adopted in this paper to reduce the number of PMUs in the system so that probable location of PMUs is also 
determined. Based on the minimum number of PMUs thus obtained, the location of the PMUs can be decided based 
upon the convenience and needs of the utility or the owners and the stakeholders of the transmission system. 
In case of the IEEE 14-bus system considered, the numbers of PMUs were reduced by removing PMU from the 
buses depending upon the amount of load connected to that bus. The loads connected in IEEE 14-bus system are 
shown in Table 3. The PMUs were removed from the buses with fewer loads and it was observed that, for IEEE 14-
bus system, minimum seven PMUs were required for effective line outage detection. Any further decrease in the 
number of PMUs would result in ineffective detection of single line outages. The buses highlighted in Table 3 
shows the probable location of these seven PMUs based on the load connected to the buses.  
 
Table 3. List of load buses in simulated IEEE 14-bus system 
 
Sl. No. Bus No. Real Power, P (MW) Sl. No. Bus No. Real Power, P (MW) 
1 3 94.2 7 6 11.2 
2 4 47.8 8 10 9 
3 9 29.5 9 5 7.6 
4 2 21.7 10 12 6.1 
5 14 14.9 11 11 3.5 
6 13 13.5 
   
5.2. IEEE 30-Bus System 
The effectiveness of algorithm was also checked on IEEE 30-bus system shown in Fig. 2(a) and the results are 
shown in Fig. 2(b). The contingency analysis of line 1-2 did not result in converged load flow, hence, it was not 
considered for line outage detection. It can be seen that line 25-26 is the only line connecting Bus26. Apparently its 
outage results in isolation of Bus26 from the grid which necessitates the presence of PMU at Bus26 for outage 
detection of line 25-26. In the absence of PMU at Bus26 the outage detection of line 25-26 should be neglected. 
Similar to IEEE14-bus system, all the single line outages were detected effectively when the PMUs were present at 
all the buses in the IEEE 30-bus system. For the optimization of number of PMUs required for effective line outage 
detection, the numbers of PMUs were reduced based on a practical approach which also suggested probable location 
of minimum number of PMU. The generators and the loads connected in IEEE 30-bus system are listed in Table 4 
and Table 5. It can be seen that 6 generators and 21 loads are connected in the system. Here, the bus with both 
generator and load is given highest priority. In the entire system, three buses have both generator and load connected 
to it which has been given highest priority (highlighted in green in Table 4 and Table 5).As mentioned, initially, 
PMUs were placed at all buses and line outage was detected effectively. The algorithm was then checked by 
removing PMU from buses with minimum load but not if the same bus had generator also connected to it. 
It was observed that for IEEE 30-bus system minimum fifteen PMUs were required in the system for effective 
line outage detection whose probable locations are as highlighted in Table 5.  
6. Conclusion 
This paper discusses the important role of PMU in line outage detection. SCADA system does not provide 
complete situational awareness in the system such as detection of line outage. But with deployment of PMUs in the 
system, even with incomplete observability, applications using PMU data can be created to detect the line outage. In 
order to identify a line outage correctly, a similar loading and generation condition must have already been simulated 
to correlate the line outage with peculiar changes. Though it is difficult to develop completely secure power system 
which is unaffected by any system disturbance, prevention of large cascading blackouts caused by small disturbance 
like a single line outage can be seen as the challenge to overcome soon. Blackouts might have initiated by the outage 
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of a single line, which created a cascading effect and resulted into complete system failover.  Information obtained 
from PMUs as part of Wide Area Measurement Systems can be used to prevent such blackouts in near future. 
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Fig. 2. (a)IEEE 30-Bus System; (b) Result of effective line outage detection with PMUs at Generator-Load buses and Major Load buses in IEEE 
30-Bus System 
Table 4.List of generator buses in simulated IEEE 30-bus system 
Sl. No. Bus No. 
Generator 
Capacity (MW) 
Sl. No. Bus No. 
Generator 
Capacity (MW) 
1 1 200 4 13 40 
2 2 80 5 8 35 
3 5 50 6 11 30 
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Table 5. List of load buses in simulated IEEE 30-bus system 
 
Sl. 
No. 
Bus 
No. 
Real Power, P 
(MW) 
Sl. No. Bus No. 
Real Power, P 
(MW) 
Sl. No. Bus No. 
Real Power, P 
(MW) 
1 5 94.2 8 19 9.5 15 16 3.5 
2 8 30 9 17 9 16 26 3.5 
3 7 22.8 10 24 8.7 17 18 3.2 
4 2 21.7 11 15 8.2 18 23 3.2 
5 21 17.5 12 4 7.6 19 3 2.4 
6 12 11.2 13 14 6.2 20 29 2.4 
7 30 10.6 14 10 5.8 21 20 2.2 
References 
[1] Yves Narcisse Nguegan Tchokonte, “Real-time identification and monitoring of the voltage stability margin in electric power transmission 
systems using synchronized phasor measurements”, Kassel University Press. 
[2] Report on The Grid Disturbance, on 30th July 2012 and Grid Disturbance on 31st July 2012, Submitted in Compliance to CERC Order in 
Petition No. 167/Suo-Motu/2012 dated 1st Aug2012. 
[3] New York State Energy Research and Development Authority, Real-time Applications of Phasor Measurement Units (PMU) for 
Visualization, Reactive Power Monitoring and Voltage Stability Protection. 
[4] A. G. Phadke, “Synchronized Phasor Measurements in Power Systems”, IEEE Comput. Appl. Power, vol. vol.6, no.2, pp. 10 – 15, Apr. 
1993. 
[5] A. Y. Abdelaziz, S. F. Mekhamer, M. Ezzat, “The Application of Phasor Measurement Units in Transmission Line Outage Detection Using 
Support Vector Machine”, I.J. Intelligent Systems and Applications, 2013, 08, 9-20. 
[6] B. Singh, N. Sharma, A. Tiwari, K. Verma, and S. Singh, “Applications of Phasor Measurement Units (PMUs) in Electric Power Systems 
Network Incorporated with FACTS Controllers”, International Journal of Engineering, Science and Technology, vol. 3, no. 3, pp . 64–82, 
2011. 
[7] Taedong Kim and Stephen J. Wright, “PMU Placement for Line Outage Identification via Multiclass Logistic Regression”. 
[8] J.E. Tate and T.J. Overbye, “Line Outage Detection Using Phasor Angle Measurements”, IEEE Transactions on Power Systems, vol. vol.23, 
no.4 pp. 1644 – 1652, Nov. 2008. 
[9] J.E. Tate and T.J. Overbye, “Double Line Outage Detection Using Phasor Angle Measurements”, Proc. of IEEE Power and Energy Society 
General Meeting, Calgary, Canada, July 2009. 
[10] L. Zhao and A. Abur, “Multi Area State Estimation Using Synchronized Phasor Measurements”, IEEE Transactions on Power Systems, vol. 
vol.20, no.2, pp. 611 – 617, May 2005. 
[11] B. Xu and A. Abur, “Observability Analysis and Measurement Placement for Systemswith PMUs”, IEEE PES Power Systems Conference 
and Exposition, New York, USA, vol. vol.2, pp. 943 – 946, Oct. 2004. 
[12] T.L. Baldwin, L. Mili, Jr. M.B. Boisen, and R. Adapa, “Power System Observability with Minimal Phasor Measurement Placement”, IEEE 
Transactions on Power Systems, vol. vol.8, no.2, pp. 707 – 715, May 1993. 
[13] Yue Zhao, Andrea Goldsmith and H. Vincent Poor, On PMU Location Selection for Line Outage Detection in Wide-area Transmission 
Networks”. 
